Single-phase LiNi 0.45 Mn 0.45 Co 0.1-y Al y O 2 layered oxide materials with 0≤y≤0.10 were prepared using the glycine-nitrate combustion method. Al-substitution has a minimal effect on the defect concentration and rate capability of the materials, but raises the operating voltage and reduces the capacity fade of the materials during prolonged cycling compared to the unsubstituted system. In situ x-ray diffraction suggests the presence of Al has a significant structural impact during battery operation. It acts to limit the changes in lattice parameters observed during electrochemical charging and cycling of the materials. High-resolution x-ray diffraction reveals structural distortions in the transition metal layers of as-synthesized powders with high Alcontents, as well as a structural evolution seen in all materials after cycling.
Introduction
With major efforts in recent years to develop and deploy electric transportation fleets, 1,2,3,4,5 These phases all crystallize in the layered α-NaFeO 2 (R3m) structure. In addition to a decrease in materials cost, the achieved improvements in practical energy density, stability, and cycle life are in line with the requirements for widespread use in electric vehicles (EVs) and plug-in hybrid electric vehicles (PHEVs), which have necessary cost, safety, and lifetime constraints, and for which LiCoO 2 is inadequate. 6, 7, 8, 9, 10, 11, 12, 13 Capacity fade over the operation lifetime of these electrode materials remains an issue, however, and the explicit mechanism is not fully understood. 14 Reports on various layered oxide stoichiometries have referenced phase transformations or local structural disorder in the active particle bulk or surface, 15, 16, 17, 18 loss of contact or microcracking from cyclic volume changes, 19, 20, 21 and reactivity with the electrolyte to produce surface films 17 , 19 , 20 ,22 as positiveelectrode-based capacity-fade schemes. The extent of each can vary based on the specific chemistry of the positive electrode and its environment, such as the operation temperature, voltage limits and composition of the electrolyte. Some, if not all, of these effects may certainly contribute to the decrease in capacity observed over the cycling life of the NMC materials.
Improved behavior is observed with the substitution of Al in place of Co, leading to LiNi z Mn z Co 1-2z-y Al y O 2 . The thermal stability and chemical reactivity properties are better upon substitution, resulting in overall safety enhancements. 23, 24, 25 Notably, the presence of Al in NMC 5 layered oxide systems has also been shown to improve the cycling stability of the electrodes. 24 ,26,27,28,29 However, the means by which Al-substitution improves the material performance has not yet been definitively stated. To help design improved battery materials capable of powering an electrified fleet, the origin of the enhanced performance in the Alsubstituted materials must be explicitly ascertained.
For the present study, the electrochemical and structural consequences of Al-substitution for Co in LiNi z Mn z Co 1-2z-y Al y O 2 (z=0.45) have been investigated. This stoichiometry is chosen because the Co-content is simultaneously decreased by both Al-substitution and the concurrent increase in Ni and Mn compared to the more common z=0.33 and 0.4 compositions. In situ xray diffraction (XRD) using synchrotron radiation allows for real-time tracking of the structural evolution of the materials during battery operation, and has been used here for an in-depth analysis of the system. Additionally, high-resolution synchrotron x-ray diffraction allows the observation of subtle structural consequences of Al-substitution in the materials, and changes occurring after repeated cycling. depending on beamtime constraints. To maintain pressure, the pouch cells were constrained within an aluminum frame with a small 2 mm diameter hole to allow for transmission of the xray beam through the electrode. Transmission XRD ring patterns were detected using a MAR image plate and an exposure time of approximately 10 s. Linescans were generated by integrating the calibrated image patterns. The significant background signal contributed by the polyester pouch material throughout the angular range observed, along with the periodic overlap of the active material and Al current collector peaks during cell operation, make perfect
Experimental
background subtraction and refinement of the entire diffraction patterns difficult. To circumvent this problem, backgrounds were manually subtracted and specific peaks (7 in total) that were not obscured by the current collector during cell operation were fit with pseudo-Voigt lineshapes to determine positions. The unit cell lattice parameters at various states-of-charge (SOC,   8 determined by the current passed) were subsequently calculated by a least-squares refinement using the available peak positions and the program CelRef.
35

Results and Discussion
Materials Characterization
The glycine-nitrate combustion (GNC) method allows intimate mixing of metalcontaining precursors, resulting in the synthesis of homogeneous Al-substituted products. This route avoids the issues described by other authors in using a mixed hydroxide precursor to incorporate Al into the NMC lattice. 36, 37 The GNC method, which utilizes an Al as observed by a shift of the R-3m 003 peak at ~4.96° 2θ (Fig. 1b) , and a slight corresponding contraction within the ab plane ( Table 1 ). The former is related to the interlayer spacing, while 9 the latter is primarily determined by the bonding distances within the transition metal plane. The changes are attributed in part to the slightly smaller size of the Al 3+ ion in an octahedral environment (0.535 Å) as compared to the low spin Co 3+ ion (0.545 Å) it replaces, 38 though electronic effects relating to the differences in Al-O and Co-O bonding character may also contribute. 39 Closer observation of the XRD patterns reveals the existence of splitting at certain reflections for the fully substituted y=0.10 sample. Figure 1c shows the region around the 1 2 11 reflection in the R-3m system, with further examples shown in Figure S1 . These specific occurrences indicate a suppression of the degeneracy of the hexagonally indexed hkl and kh-l reflections, signifying a symmetry-lowering distortion within the transition metal plane. Indeed, while the XRD patterns for y=0 and y=0.05 can be adequately fit using the R-3m space group, the diffractogram for y=0.10 is best fit using the monoclinic C2/m symmetry (space group #12).
C2/m symmetry is a maximal non-isomorphic subgroup of R-3m, simply generated by the removal of the 3-fold axis of the hexagonal structure through a slight expansion of one in-plane metal-metal distance relative to the other.
The results of Rietveld refinements of pristine powder samples are presented in Table 1 and The nanoscale dimensions of the primary particles in all samples (~40 nm diameter) cause significant peak broadening, which can mask smaller distortions in the peak profiles despite the unparalleled resolution of the measured XRD patterns. It is possible that the lower Al-content materials such as y=0.05, which is well-fit using the R-3m structure, may also contain local-scale distortions that are not resolved on average here.
Previous results from neutron pair distribution function (PDF) analysis and nuclear magnetic resonance (NMR) spectroscopy have indicated that Ni and Mn ions have a thermodynamic tendency to form short range ordered clusters, while the presence of Co in NMC breaks this correlation and leads to extensive long and short range disorder. 41 It is hypothesized 11 that the incorporation of Al into the lattice induces a local-scale ordering of the metals, possibly through the reduction of Co and its driving force toward disordering. This ordering relieves some of the inherent strain within the edge-sharing octahedral layer, and results in the observed monoclinic distortion. This, however, is different from the monoclinic symmetry observed in Li 2 MnO 3 , caused by the ordering of Li and Mn in the transition metal planes. The monoclinic distortion due to Al-substitution is the result of the breakage of the three-fold symmetry of the transition metal-oxide sheets, perhaps due to changes in the distortion of the transition metaloxygen octahedra. This strain-relaxation hypothesis is supported by X-ray absorption spectroscopy results, which will be reported in an upcoming publication.
Samples observed using scanning electron microscopy indicate average primary particle sizes are ~40-45 nm diameter (Fig. 3) , and show that the primary particles are organized into larger agglomerates. The powder morphologies are similar for all synthesized materials. Thus, performance comparisons between the materials sets are complicated neither by size effects nor significant differences in antisite mixing (as implied by Rietveld refinement of the high resolution XRD patterns) amongst the compositions.
Electrochemical Characterization
Electrochemical characterization using Li-metal half-cells shows that Al-substitution increases the reaction potential at which Li + is both removed and replaced in the with results obtained for other NMC compositions (Fig. 4) . 26 , 27 This is clearly observed by a shift in the peaks of the derivatives of the specific capacity curves (normalized dQ/dV), shown in Practical charge and discharge capacities between the set voltage limits decrease somewhat in proportion to the Al content, due to the rising potential as a function of state-ofcharge (SOC). The impact is, however, minimal for y≤0.05. Al substitution has no effect on the rate capability (Fig. 5a) ; the decrease in the delivered capacities as the current density increases remains constant as the Al content rises. Decreased rate capability in NMC materials is usually indicative of significantly greater Ni/Li antisite mixing, which acts to block Li diffusion during battery operation. 44, 45 The limitation is exaggerated at higher rates and leads to greater declines with current density in the Peukert plots, which relates the delivered capacities as a function of discharge current densities. The lack of any such major differences amongst the materials in this study, therefore, corroborates the assertion that the very slight increase in antisite defect concentration with Al-substitution has a minimal effect on the electrochemical performance.
There is, importantly, a clear enhancement in the cycling stability with the presence of Al, as seen in Figure 5b . After approximately 30 cycles at 12 mA g -1 (~C/23) between 2-4.3 V, the material with y=0.05 provides a higher discharge capacity, while the fully substituted sample (y=0.10) outperforms the parent material after about 100 cycles. Both materials have first cycle discharge capacities slightly lower than that of the unsubstituted material, as discussed above, (Fig. 5d) . A stabilizing effect of Al, however, is not readily apparent within 30 cycles when operated in this relatively low voltage range.
Structural Evolution During Cycling
In situ x-ray diffraction was used to probe the structural evolution of the materials during battery cycling. This sort of experiment is an excellent tool to observe the changes occurring during the charge and discharge processes of single cells, eliminating the uncertainties that could arise from the use of numerous ex situ samples to observe different SOC's. When a high throughput image plate detector is used, the material need only be exposed for <10 seconds to generate a diffraction ring pattern, which can subsequently be integrated to produce a linescan for analysis. The short exposure time allows for the continuity of the electrochemical processes, as in real battery operation, without having to stop the cycling procedure and allow the cells to relax during a lengthy θ-2θ scan. This ensures minimal changes occur during pattern acquisition.
Thus, essentially instantaneous snapshots of the material structure at any and all discreet stages of cycling can be generated to investigate the changes occurring over wide ranges of Li + content. Although they behave very similarly, the y=0.05 material returns closer to the initial state at the end of discharge than the unsubstituted material in terms of both peak position and shape, as shown in Figure 8 . There is significantly increased peak broadening in the fully discharged y=0 material, seen especially in the 101, 110, and 113 reflections. This broadening indicates a larger degree of disorder or electrode inhomogeneity, a decrease in particle size, or increased strain after the first charge/discharge cycle. The Li-content after discharge is similar for both materials, validating the comparison. 
